[1] The impact of continental outflow on the ozone chemical tendencies (i.e., production and loss rates) is quantified in the North Atlantic and northwest Pacific regions using the GEOS-Chem and the MOZECH global models of chemistry and transport. The ozone tendencies simulated by these global models are compared to box model simulations constrained by observations in different regions and seasons. The two global models generally capture the seasonal and regional variations of the ozone tendencies. The largest discrepancies between the ozone tendencies from the box model and those from the global models are found in the lower troposphere of the eastern North Atlantic during the ACSOE campaign and are attributed to differences between chemical schemes and too strong NO x concentrations in the global models. The background and plume (i.e., impacted by continental outflow) environments are differentiated over the oceanic areas using criteria based on simulated daily mean CO concentrations. The ozone tendencies in the plume environment differ from that in the background over the entire column in North Atlantic and northwest Pacific at all seasons. According to the models, net ozone production is enhanced by 2 to 6 ppbv/day in the boundary layer and by 1 to 3 ppbv/day in the upper troposphere, whereas the effect of pollution ranges from À1 ppbv/day to +1 ppbv/day in the middle troposphere (3-7 km), depending on the model used. The different responses of the two models are determined by differences in the water vapor distributions relative to those of pollutants in the plumes. In particular, GEOS-Chem tends to transport pollution in a drier sector of cyclones than MOZECH. 
Introduction
[2] In many regions of the world, ozone (O 3 ) concentrations are close to or even above the thresholds for plant damage or health effects [e.g., Lövblad et al., 2004] . Elevated O 3 concentrations are associated with photochemical episodes which were initially thought to be local-and regional-scale problems. These issues have now to be considered on a hemispheric and even global scale as more and more scientific evidence is showing that transport of pollution can take place over long distances, such as across the Atlantic Ocean [e.g., Parrish et al., 1993; Fehsenfeld et al., 1996; Collins et al., 2000; Li et al., 2002a; Wild and Akimoto, 2001; Trickl et al., 2003; Auvray and Bey, 2005] and the Pacific Ocean [e.g., Jaffe et al., 1999 Jaffe et al., , 2003 Berntsen et al., 1999; Yienger et al., 2000; Fiore et al., 2002] .
[3] Enhanced O 3 concentrations together with elevated carbon monoxide (CO) or nitrogen-containing compounds associated with long-range transport of pollution have been observed in the free troposphere over the North Atlantic in several cases [e.g., Parrish et al., 1993; Fehsenfeld et al., 1996] . Enhanced O 3 concentrations have been also reported at alpine sites [Huntrieser et al., 2005] and in the lower troposphere of Europe [Stohl and Trickl, 1999; Naja et al., 2003; Trickl et al., 2003 ], but there is rarely a significant O 3 increase at surface stations associated with the arrival of such plumes over Europe [Derwent et al., 1998 ]. Guerova et al. [2006] reported, for example, that long-range transport events from North America to Europe in summertime mainly occur during periods of unstable weather conditions and therefore do not coincide, in general, with the highest surface O 3 concentrations which typically occur during stable and sunny conditions. However, it has been suggested that long-range transport of pollutants across the Atlantic Ocean can substantially affect the mean O 3 concentrations over Europe [e.g., Brönnimann et al., 2000 , 2002 Simmonds et al., 2004; Ordóñez et al., 2005] .
[4] While net photochemical formation of O 3 typically occurs near the source regions of precursor emissions, aircraft observations gathered over oceanic areas like the northwest Pacific have indicated that it can also take place over remote regions during long-range transport [e.g., Davis et al., 1996 Davis et al., , 2003 Crawford et al., 1997; Olson et al., 2001; DiNunno et al., 2003; Kondo et al., 2004; Wild et al., 2004] . Similar results have been reported for the North Atlantic Ocean [Wild et al., 1996; Reeves et al., 2002] . It has been postulated that the continental outflow of O 3 and its precursors from the source regions into the remote atmosphere can lead to perturbations of the chemical environment in these regions. This subsequently affects the production and loss rates of O 3 and thus influences its chemical lifetime [e.g., Schultz et al., 1998; Honrath et al., 2004] . Wild et al. [2004] suggested that the impact of photochemical processes associated with such export events could have a substantial impact on O 3 levels on a global scale. Even though O 3 chemical tendencies (i.e., production and loss rates) have been discussed in several case studies with detailed analysis of aircraft observations, the overall contribution of the chemical perturbation due to long-range transport in remote areas to the global O 3 budget remains poorly quantified.
[5] The main objective of this paper is to examine how the O 3 tendencies over remote marine environments are modified by continental outflow. To this end we analyzed the characteristics of background and plume conditions over several oceanic regions using two global three-dimensional (3-D) chemistry transport models. Section 2 describes the two models and the simulations used in this study. In section 3, we examine to what extent the global models are capable of reproducing the O 3 production and loss rates obtained by box model simulations constrained by aircraft observations. The discrepancies between global and box models are then discussed with respect to the chemical mechanisms used as well as several environmental parameters. Section 4 discusses the impact of continental pollution outflow from North America into the North Atlantic Ocean over the annual course with special emphasis on spring and summer. The discussion is extended in section 5 for the northwest Pacific region. Summary and conclusions are provided in section 6.
Model Description and Simulation Setup
[6] The three-dimensional models used in this study are the chemistry transport model GEOS-Chem [Bey et al., 2001a] and the chemistry-climate model MOZECH (S. Rast et al., Sensitivity of a chemistry climate model to changes in emissions and the driving meteorology, manuscript in preparation, 2007). A recent intercomparison between an ensemble of global chemistry transport models has shown that there are still significant differences in the simulated concentrations of trace gases and in the global tropospheric budget of O 3 , even when the models use similar emission inventories for anthropogenic and biomass burning sources and are run for the same meteorological year [Stevenson et al., 2006] . Stevenson et al. [2006] noted that the best agreement with observations is obtained with an average of all the model results. In the present study, we choose to employ two global models which include different physical parameterizations, transport algorithms, chemical schemes, and emission inventories. This allows us to explore the sensitivity of our results to different modeling tools and thus enhances the robustness of our results. Both models participated in the study of Stevenson et al. [2006] and they represent two rather different members of the ensemble. For example, the MOZECH model tends to have above-average O 3 concentrations. GEOS-Chem on the other hand generally agrees well with the ensemble mean, as well as with the observations, but tends to underestimate O 3 concentrations in the free troposphere of the northern midlatitudes. In the present work, two 1-year simulations (1997 and 2000) were performed with both models (after a 1-year spin-up), thereby taking into account variations in emissions and meteorology (GEOS-Chem) or only meteorological variations (MOZECH). In the following we briefly describe the main features of the two models.
GEOS-Chem
[7] The GEOS-Chem model [Bey et al., 2001a] , version 7 -02 http://www.as.harvard.edu/chemistry/trop/geos/), is driven by assimilated meteorological fields from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO). For this study, the model was run with a horizontal resolution of 2°of latitude by 2.5°of longitude. The meteorological fields for the simulation of the years 1997 and 2000 are provided on 26 vertical levels up to 0.1 hPa and on 30 vertical levels up to 0.01 hPa, respectively. Advection and convection are computed every 15 min. Advection is computed with a flux form semi-Lagrangian method [Lin and Rood, 1996] , and convection used the GEOS convective, entertainment and detrainment mass fluxes [Allen et al., 1996a [Allen et al., , 1996b . A full mixing is assumed within the boundary layer. The model transports 24 tracers and includes more than 80 species and 300 chemical reactions based on Horowitz et al. [1998] to describe the O x -NO x -VOC photochemistry. Heterogeneous reactions on aerosols are taken into account as described by Jacob [2000] and Martin et al. [2003] . Aerosol fields are provided by the Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model [Chin et al., 2002] . Photolysis frequencies are calculated with the FAST-J algorithm that accounts for cloud and aerosol optical depths and uses the Total Ozone Mapping Spectrometer/Solar Backscatter Ultraviolet (TOMS/SBUV) merged total O 3 column data sets.
[8] The inventory of anthropogenic emissions is similar to Bey et al. [2001a] except for the replacement of the European emissions with EMEP expert emissions following Auvray and Bey [2005] . To improve the emission estimates for specific years, the base 1985 inventory is scaled using CO 2 emission trends as described by Bey et al. [2001a] . NO x emissions from international shipping (3.1 Tg N/yr) follow the EDGAR3.2 database with scaling for the year 2000 as described by Dentener et al. [2005] . Anthropogenic NO x sources are released in the first two levels of the model, and all other anthropogenic sources only in the first level. Biomass burning emissions are from Duncan et al. [2003] with interannual variability being estimated from Along Track Scanning Radiometer (ATSR) firecounts. NO x emissions from lightning are determined from cloud top height following the parameterization of Price and Rind [1992] as implemented by Wang et al. [1998] with vertical profiles from Pickering et al. [1998] , and account for about 6 Tg N/yr.
[9] Above the tropopause (diagnosed by a 2 K km À1 lapse rate), a simplified chemical representation is used, including production and loss of NO y , CO and formaldehyde. Monthly mean production rates for NO y are provided by the 2-D model of Schneider et al. [2000] , along with NO x /HNO 3 concentration ratios used to partition NO y . This simplified stratospheric chemistry provides a source of NO y to the troposphere. Transport of O 3 from the stratosphere is parameterized using the Synoz method (synthetic ozone) proposed by McLinden et al. [2000] , leading to an O 3 crosstropopause flux of about 550 Tg/yr.
MOZECH
[10] The ''MOZART in ECHAM'' (MOZECH) model is a newly developed fully coupled chemistry-climate model on the basis of the ECHAM5 general circulation model [Roeckner et al., 2003 ] and the MOZART2 chemistry scheme including its numerical solver [Horowitz et al., 2003] . For the purpose of this study the model is relaxed toward 6-hourly European Centre for Medium-Range Weather Forecasts (ECMWF) meteorological fields of surface pressure, temperature, vorticity, and divergence with time constants of 24h, 24h, 6h, and 48h, respectively. The resolution is T42L31, corresponding to a horizontal grid of about 2.8°Â 2.8°with 31 vertical levels from the surface to 10 hPa. Convection in ECHAM5 is parameterized according to Tiedtke [1989] and Nordeng [1994] , and boundary layer mixing according to Monin-Obukhov [Roeckner et al., 2003] . Further details on the physical and dynamical equations of ECHAM5 are given by Roeckner et al. [2003] . 63 species and 168 reactions are considered to describe the O x -NO x -VOC chemistry. Hydrolysis of N 2 O 5 on sulfate aerosols is taken into account using climatological fields of sulfate aerosols from MOZART2 [Horowitz et al., 2003] . Photolysis frequencies are computed on the basis of a precompiled multidimensional lookup table for zenith angle, total O 3 column, temperature, and surface albedo. An empirical cloud correction is applied as described by Horowitz et al. [2003] .
[11] Anthropogenic emissions (including international ship traffic) are adapted from the model intercomparison experiment described by Stevenson et al. [2006] and are representative for the year 2000. Those emissions are released in the first model level. Biomass burning emissions are prescribed as 5-year mean monthly averages from 1997 to 2001 following van der Werf et al. [2003] . The production of NO x from lightning is linked to the convective mass flux as described in Grewe et al. [2001] and are distributed following a C-shaped vertical profile. The annual source strength of lightning is of 3.3 Tg N/yr.
[ [Logan, 1999; Randel et al., 1998 ].
These concentrations are fixed at the topmost two model levels (pressures of 30 hPa and above). At other model levels above the tropopause, the simulated concentrations are relaxed toward these values with a relaxation time of 10 days. The net influx of O 3 from the stratosphere, diagnosed as the residual term in the global tropospheric O 3 budget, is 660 Tg/yr.
O 3 Chemical Tendencies: Model Intercomparison and Sensitivity Analysis
[13] In this section, we evaluate results from the two 3-D models using trace gas observations and O 3 tendencies from different aircraft field experiments. As direct measurements of the O 3 production and loss rates are not available, we have to rely on box model calculations which are constrained by observed concentrations [e.g., Davis et al., 1996 Davis et al., , 2003 Jacob et al., 1996; Crawford et al., 1997; Jaeglé et al., 1998; Schultz et al., 1999; Reeves et al., 2002] . In order to obtain realistic concentrations for species or quantities not directly observed, the box models are typically run in a diurnal steady state mode; that is, the diurnal cycle of chemical reactions is repeated until a dynamic equilibrium has been reached. The results from such calculations can then be tested with independent observations such as NO/NO 2 ratio [e.g., Schultz et al., 1999] or OH concentrations [e.g., Wild et al., 2004] . While good agreement was reported for some studies, significant discrepancies were found in others, which could not always be reconciled [e.g., Wild et al., 2004] . Nevertheless, O 3 production and loss rates obtained from those box models can provide interesting insights on the capability of the global models. Note however that 3-D models are in general superior to box models because they include air mass transport and, hence, ''history'' for each tracer.
[14] In the present work, we used observations and box model results provided by several aircraft experiments that were mainly dedicated to the sampling of continental outflow over oceanic regions. These include the Atmospheric Chemistry Studies in the Oceanic Environment (ACSOE) (eastern North Atlantic Ocean, April and September 1997, section 3.1), European Export of Precursors and Ozone by Long-range Transport (EXPORT) (continental Europe, summer 2000, section 3.2), Pacific Exploratory MissionWest A (PEM-West A) (North Pacific Ocean, fall 1991, section 3.3), and Transport and Chemical Evolution over the Pacific (TRACE-P) (North Pacific Ocean, spring 2001, section 3.3) campaigns. We limit the direct comparison of observed and simulated trace gas concentrations to those campaigns for which we performed dedicated model simulations (ACSOE in 1997 and EXPORT in 2000) . We then compare photochemical O 3 tendencies derived from various box models constrained by trace gas observations to those obtained in our 3-D models for all campaigns. In addition, we perform a sensitivity study with the photochemical box model chem1d [Jacob et al., 1996; Jaeglé et al., 1998; Schultz et al., 1999] to quantify the uncertainties in O 3 tendencies due to various parameters. This allows us to better interpret differences between the O 3 chemical tendencies estimated by the box models and those calculated in the global models.
Eastern North Atlantic Ocean (ACSOE, Spring and Summer 1997)
[15] The ACSOE aircraft campaign took place in April (three flights) and September (five flights) 1997 to investigate the O 3 photochemistry over the North Atlantic Ocean [Reeves et al., 2002; Penkett et al., 2004] . While O 3 net production was generally found to be negative in the marine boundary layer and lower troposphere, Reeves et al. [2002] noticed a few cases with a positive net O 3 production (further referred to as netP O 3 ), which appeared to be associated either with recent ship emissions or with longrange transport of pollution from North America.
Comparison to Observed Trace Gases
[16] Figure 1 (top and middle) compare the median vertical profiles of different trace gas concentrations observed during ACSOE in April and September 1997 with the results from the GEOS-Chem and MOZECH models.
CO concentrations were only measured in September, when they exhibit an almost height-independent profile and are well reproduced by the models. In the lower troposphere, above the boundary layer, the observed CO levels are closer to the MOZECH results, whereas GEOS-Chem performs better in the middle and upper troposphere. MOZECH CO concentrations are always lower than those simulated by GEOS-Chem, which may reflect excessive OH concentrations in MOZECH, and this is more pronounced in April than in September.
[17] Reeves et al. [2002] indicated that the air masses sampled in April had often a maritime origin, and we find that both GEOS-Chem and MOZECH tend to overestimate these low observed NO concentrations, especially in the lower troposphere. In September, enhancements in NO concentrations were observed in individual flights, which were attributed to ship plumes in the lower troposphere and long-range transport in the middle troposphere [Reeves et al., 2002] . In particular, at the altitude range of 4-6 km, high NO levels were associated with an episode of longrange transport of pollution from North America recorded on 14 September [Reeves et al., 2002] . In September, both models tend to underestimate the median NO concentrations below 5 km. Although GEOS-Chem reproduces fairly well the enhancement in O 3 concentrations associated with the 14 September event [Auvray and Bey, 2005] , the discrepancies in NO concentrations around 5 km may be related to the representation of that particular long-transport event. In the lower troposphere (below 2 km), the discrepancies may be due to the representation of NO emissions from ships in the global models. As emissions are smoothed out over the model grid boxes, the models tend to underestimate the elevated NO concentrations due to ship emissions observed in September while they tend to overestimate NO concentrations in clean regions (i.e., in April). Both models reproduce relatively well the observed NO concentrations in the upper troposphere.
[18] As measurements of NO 2 and PAN were not made in ACSOE, we can only compare the two models with each other. The simulated PAN concentrations generally agree well, whereas the differences are larger for NO 2 . Here, MOZECH always simulates higher NO 2 concentrations than GEOS-Chem, implying higher levels of NO x and a smaller NO/NO 2 ratio. This is consistent with the higher O 3 concentrations simulated by MOZECH (see below). As described by Bauguitte [2000] and Penkett et al. [2004] , the NO y observations do not include soluble species (e.g., HNO 3 ), but consist predominantly of NO x and PAN. The simulated (NO x + PAN) vertical profiles of the two models are again rather close to each other, and they generally agree well with the measurements. Exceptions are a significant underestimate of NO y in the upper troposphere in April, and the underestimate in the boundary layer in September, which could again be explained by local ship emissions. OOH. CO concentrations were set to 133 ppbv (which is reasonably close to the GEOS-Chem values, but about a factor of two higher than MOZECH), while HCHO and CH 4 were set to 300 pptv and 1800 ppbv, respectively [Reeves et al., 2002] . Reeves et al. [2002] found that the O 3 loss rates (median of the three April flights) decrease with altitude (reflecting drier air aloft) while O 3 production rates increase with altitude (reflecting higher NO concentrations in the upper troposphere). In their calculation, the crossover from negative to positive netP occurs at about 7 km of altitude.
[20] We find substantial differences between the box model results of Reeves et al. [2002] and our global model calculations (Figure 2a) . Above 3 km, MOZECH captures the O 3 production rates rather well, but yields O 3 loss rates which are about a factor of two weaker than the box model. In contrast, GEOS-Chem reproduces well the O 3 loss rates between 3 and 5 km altitude, but overestimates the produc- Figure S1 in the auxiliary material) 1 . As a consequence of these discrepancies, the 3D models both show a much smaller (i.e., less negative) netP O 3 than the box model (Figure 2b ). [21] Apart from differences in the trace gas distributions simulated by the various models (see section 3.1.1), there are also a few key reactions that are parameterized in different ways and can have a significant impact on the results, as further discussed in section 3.1.3. In addition, Reeves et al. [2002] do not consider heterogeneous chemistry on aerosols and wet deposition, whereas GEOS-Chem and MOZECH include the uptake of N 2 O 5 and washout of HNO 3 and other soluble species. GEOS-Chem also considers the heterogeneous uptake of HO 2 , which can have a significant effect on the radical chemistry Tie et al., 2005] . Differences in the nonmethane hydrocarbon (NMHC) chemistry should be of little relevance, because NMHC concentrations are typically low over the remote ocean.
Sensitivity Analysis of O 3 Chemical Tendencies
[22] In order to better understand the differences between the global models and the observation-based box model, we performed a series of sensitivity experiments with the box model chem1d [Jacob et al., 1996; Jaeglé et al., 1998; Schultz et al., 1999] Figure 3 (first row). The agreement is remarkably good, although the O 3 production rates in GEOS-Chem are slightly lower than in the chem1d box model for the polluted case. This could be due to the use of a simplified peroxy radical chemistry in the global model and to the absence of HNO 3 deposition in the box model, the photolysis of HNO 3 being an additional source of NO x .
[23] One experiment was conducted with the chem1d box model to explore the sensitivity of the O 3 chemical tendencies to some key reactions of the chemical mechanism. For example, we used the reaction rates of DeMore et al. [1997] and Sander et al. [2000] Reeves et al. [2002] and also in MOZECH) instead of those from Dunlea and Ravishankara [2004] and Ravishankara et al. [2002] (used in GEOSChem and in the standard chem1d). We find that using the updated reaction rates decrease O 3 production and loss by about 9% and 19%, respectively, when averaged over the column (Figure 3, second row) , indicating the importance of using similar reaction rates when interpreting differences between model results. This may explain the discrepancies between the loss rates simulated by GEOS-Chem and those derived from the ACSOE observations (see Figure 2a) .
[24] Further tests were performed with the chem1d box model to investigate the sensitivity of O 3 chemical tendencies to additional parameters. The parameters we explored either differ between the 3-D model results and the inputs used in the box model calculations by Reeves et al. [2002] (e.g., NO x concentrations, see section 3.1.1) or differ between polluted and background environment as discussed in section 4 (e.g., J(O 1 D), water vapor, temperature). If the NO x concentrations are increased by a factor 2 (see for instance differences between observed and simulated NO x during ACSOE for September 1997), the O 3 loss rates remain almost unaffected, whereas the production rates are enhanced almost linearly, increasing thus the netP O 3 by a similar amount (Figure 3, third row) . This may explain the differences between the production rates simulated by GEOS-Chem and those derived from the ACSOE observations (see Figure 2) . A decrease of a factor 2 in the photolysis rate J(O 1 D) reduces the loss and production rates by about 35% and 23%, respectively, which tends to increase the netP O 3 (Figure 3, fourth row) . A similar effect is obtained when the water vapor concentration is decreased by a factor 2 (Figure 3, fifth row) . As will be shown below (section 4.1), water vapor concentrations in polluted air masses are distinctly different between the two global models. Finally, a decrease of the temperature by 10 K over the whole tropospheric column, corresponding to the maximum difference between the background and polluted environments found in GEOS-Chem (see section 4) was tested. This leads to a column average change of about 5% and À9% for O 3 loss and production rates, respectively, thus causing a decrease of the netP O 3 (Figure 3 , sixth row).
Continental Europe (EXPORT, Summer 2000)
[25] The EXPORT campaign took place in July and August 2000 over central and eastern Europe to investigate the fate of the European pollution [e.g., Purvis et al., 2003] . Median profiles of observed CO, NO, NO 2 , PAN, NO y , and O 3 concentrations as well as J(O 1 D) photolysis frequencies [Brough et al., 2003; Gerbig et al., 1999] are shown in the bottom row of Figure 1 for the six flights of the C-130 British aircraft. Much higher levels of primary pollutants are typically observed in the boundary layer compared to the measurements of the ACSOE campaigns, reflecting the proximity of sources. The 3-D models are able to reproduce the profile shapes of all components rather well. However, neither model agrees well with observations in the boundary layer, and a more careful quantitative analysis reveals differences of up to a factor of four for boundary layer NO concentrations. MOZECH tends to yield lower NO and CO concentrations in the boundary layer than GEOS-Chem, but it shows rather high levels of precursors in the lowest model layer, which likely reflects differences in the schemes used for boundary layer mixing in the two models. The observed vertical O 3 profile resembles that of the April 1997 ACSOE campaign and falls between the results from the two models. Here GEOS-Chem tends to underestimate O 3 by about 10 ppbv especially in the middle troposphere while the opposite is true for MOZECH. The J(O 1 D) profile is well represented by both models with maximum errors of about 20%.
[26] The vertical profiles of the net O 3 production rates are qualitatively similar between the box model of Reeves and the EXPORT Team [2003] and the two 3-D models (Figure 2d ). Below 2 km altitude, the netP O 3 is much higher over the EXPORT region than in the oceanic boundary layer. In the boundary layer (but except for the lowest model layer), MOZECH generally yields lower netP O 3 than the box model, whereas GEOS-Chem exhibits higher values. The shape of the three netP O 3 profiles remains rather similar above 2 km, but the two 3D models predict a neutral to slightly positive net O 3 tendency, while the median box model results show an O 3 loss of up to 5 ppbv/day. O 3 production and loss rates were not reported individually by Reeves and the EXPORT Team [2003] . The 3-D models agree reasonably well with each other in the free troposphere while they differ by up to a factor 2 in the boundary layer and especially at the surface (Figure 2c ).
North Pacific Ocean (PEM-West A, Summer/Fall 1991, and TRACE-P, Spring 2001)
[27] The PEM-West A and TRACE-P campaigns took place over the North Pacific rim in fall 1991 and spring 2001, respectively. Both campaigns reveal that the region north of 20°N is highly impacted by outflow of anthropogenic pollution from east Asia especially in spring when the outflow reaches a maximum, while the southern latitudes are more influenced by tropical/equatorial air masses [e.g., Davis et al., 1996; Crawford et al., 1997; Jacob et al., 2003 ]. As we do not have detailed output from the 3-D models available for the years of the PEM-West A and TRACE-P campaigns, we restrict the evaluation of our results for the North Pacific to a comparison of simulated O 3 production and loss terms and netP O 3 with results from Davis et al. [1996 Davis et al. [ , 2003 (note that we used in fact results from an updated version of the box model that includes a newer radiative transfer code and chemical scheme (J. Crawford, personal communication, 2005) ). Global model results are presented for the years 1997 and 2000. Because of the different meteorological conditions and the changes in precursor emissions (and thus outflow concentrations), we do no expect perfect agreement between the box model and the two global models, but the profile shape and the magnitude of the terms can nevertheless provide insight into potential model biases. More detailed evaluations of GEOS-Chem over the North Pacific Ocean are reported elsewhere [Bey et al., 2001b; Liu et al., 2002; Heald et al., 2003 Heald et al., , 2004 Hudman et al., 2004] . Generally, GEOS-Chem reproduces well the observed latitudinal and vertical gradients associated with continental outflow onto the North Pacific [Bey et al., 2001b; Hudman et al., 2004] but the stratospheric contribution to O 3 in the free troposphere appears to be underestimated in spring over the North Pacific [Hudman et al., 2004] .
[28] Figure 4 shows that the 3-D models can reproduce many features of the vertical profiles of the O 3 tendencies for the two campaigns. The box model (as well as the 3-D models) calculates higher production rates in the northern part than in the southern part of the regions, indicating a stronger influence of continental outflow north of 20°N especially in spring. Both the production and loss rates appear to be higher during TRACE-P than during PEMWest A, especially in the boundary layer, reflecting the increasing photochemical activity in spring (as well as changes in O 3 precursor emissions over a decade, at least in the box model). Of particular interest is the small positive netP O 3 , which is calculated by the box model over the entire column in the region and season more strongly affected by the continental outflow (e.g., in spring north of 25°N) [Crawford et al., 1997; Davis et al., 2003] . This is relatively well reproduced by GEOS-Chem. MOZECH however tends to have stronger O 3 loss rates over the Pacific that are likely associated with higher O 3 concentrations, and this leads to net O 3 destruction in that particular case.
Summary of the Model Intercomparison
[29] The two global models generally capture the seasonal and regional variations of O 3 chemical tendencies derived from different box models constrained with observations. Vertical profiles of the chemical tendencies are also fairly well reproduced. In particular, over the oceans, global and box models similarly find a shift from negative netP O 3 in the lower troposphere to positive netP O 3 in the middle/ upper troposphere, even though the shift may occur at slightly different altitudes. Note, however, that a quantitative agreement between the global models and the box model could not always be reached. The largest discrepancies are seen in the lower troposphere of the eastern North Atlantic during the ACSOE campaign. We attribute these discrepancies to (1) different chemical schemes used in the models (as discussed in section 3.1.) and (2) overestimate of the observed NO x concentrations (used as input in the box model) by the global models.
O 3 Chemical Tendencies in Polluted and Background Environment Over the North Atlantic
[30] This section examines how plumes transported over the North Atlantic Ocean affect O 3 tendencies in the free troposphere. We differentiate between the polluted environment (PE) and the background environment (BE) using daily mean CO concentrations of ocean grid boxes within the North Atlantic Ocean (see region in Figure 5 ). CO is emitted by incomplete combustion and is thus representative of both anthropogenic and biomass burning pollution. With a lifetime of a few months, CO is a good tracer of long-range transported plumes of various origins. BE is defined on each model level as the subset of grid box values for which the daily mean CO concentrations are lower than the regional monthly median CO concentration. PE is defined as the subset of grid boxes in the same region for which daily mean CO concentrations exceed the regional monthly median CO concentration plus one standard deviation. The choice of these criteria is somewhat arbitrary. However, sensitivity studies using different criteria (e.g., BE restricted to all grid box values for which CO is smaller than the median minus one standard deviation) yielded only little changes in the results which are negligible compared to the model uncertainties and the differences between the two models. The BE and PE statistics are computed separately for the two models. As the plumes are expected to evolve chemically as they are traveling, we first examined how the chemical tendencies differ between PE and BE in different longitudinal slices centered at 60°W, 40°W, and 20°W ( Figure 5 ) along the north eastward path followed by most of the pollution plumes exported from the North American continent [e.g., Trickl et al., 2003] . This test showed that considering an average over the entire oceanic region (rather than examining individual slices) also provides a reasonable picture of the O 3 tendencies and chemical behaviors in the two environments (see Figures S2 and S3 ). We thus discuss the seasonal variations of PE versus BE using various diagnosed quantities averaged over the entire oceanic region.
Spring
[31] Figure 6a shows vertical profiles of CO, NO x , and O 3 concentrations in April 1997 for BE and PE conditions averaged over the North Atlantic area (see Figure 5 for the definition of the region and note that a land mask is applied so that only oceanic boxes are considered). As previously mentioned (section 3), there are some substantial differences between the trace gas concentrations simulated by the two global models. CO concentrations are in general lower in MOZECH than in GEOS-Chem. On the other hand, MOZECH generally predicts higher O 3 concentrations than GEOS-Chem. The BE NO x concentrations in the upper troposphere (above 8 km) are larger in MOZECH than in GEOS-Chem. Since the lightning sources in GEOS-Chem are twice as strong as in MOZECH, this is most probably due to different parameterizations used for representing the stratospheric flux of NO y species (see section 2).
[32] Despite these model differences, the simulated differences in CO concentrations between the two environments (further referred to as DCO = CO PE À CO BE ) are similar for both models over the entire column (Figure 6a ). This mainly reflects the various pathways which contribute to pollution export out of the U.S. boundary layer. Major pathways for North American pollution export are associated with midlatitude cyclones and in particular with (1) rising air masses ahead of cold fronts (warm conveyor belt, WCB) which transport pollution at a large altitude range and (2) low-level air streams behind cold fronts (post cold front, PCF) [e.g., Stohl and Trickl, 1999; Cooper et al., 2001 Cooper et al., , 2002a Cooper et al., , 2002b Stohl, 2001; Li et al., 2002a; Trickl et al., 2003] . Transport by cyclones occurs all year round, although it is less pronounced in summer [Stohl, 2001] . Note that pollution exported from the Asian continent is relatively well mixed over the North Atlantic, therefore its contribution likely falls in the BE rather than in the PE.
[33] DO 3 and DNO x are positive in the lower and middle troposphere (Figure 6a ). DO 3 (for the two models above 6 km) and DNO x (for MOZECH above 8 km) become negative, reflecting an increase in stratospheric contribution with altitude. Stratospheric intrusions are generally associated with low CO concentrations and are therefore included in the BE class. We find an O 3 production efficiency per unit CO (DO 3 /DCO) of about 0.22 and 0.25 ppbv/ppbv near the surface at 60°W, in GEOS-Chem and MOZECH, respectively. This is in good agreement with the value given by Parrish et al. [1998] for Sable Island in spring (0.19).
[34] Figure 6a also shows the vertical profile of water vapor concentrations, O 3 photolysis rates, and temperature in BE and PE. GEOS-Chem predicts that PE is characterized by drier conditions than the surrounding background while in MOZECH, PE shows higher or similar water vapor levels than BE. This is especially seen at 60°W close to the region of export ( Figure S2) . A detailed analysis of daily scenes of surface pressure, water vapor, temperature fields, and plume location indicates that the two models tend to simulate the onset and evolution of transport episodes similarly and thus compare rather well in terms of plume locations, as illustrated in Figure 7 . In spring these episodes are frequently associated with transient cyclones, as expected. We find, however, that GEOS-Chem has a tendency to transport the pollution in a drier sector of the cyclones, in comparison to MOZECH (Figure 7 ). These significantly different behaviors of the two models may reflect the use of different advection, convection, and boundary layer mixing schemes in the two models with potentially substantial consequences for the pollution redistribution with respect to export processes. However, this also may be related to the way water vapor transport is taken into account in the two models. While GEOS-Chem only interpolates between assimilated H 2 O fields (updated every 6 hours), the GCM MOZECH includes a full parameterization of the hydrological cycle and advects water with the same routine as the chemical tracers. Both models indicate that PE is colder than BE, but the difference in temperature between the two environments is much larger in GEOSChem (up to 10 K) than in MOZECH (up to 5 K). Both models also predict enhanced presence of clouds in PE (not shown), which reduces the J(O 1 D) in PE by up to 30% and 20% in GEOS-Chem and MOZECH, respectively.
[35] The differences in water vapor and trace gases distributions have important implications for the O 3 chemical tendencies. O 3 loss rates are higher in PE than in BE in the boundary layer in MOZECH. This reflects higher O 3 concentrations and slightly higher O 3 photolysis rates in PE in this model. In contrast, GEOS-Chem shows O 3 loss rates lower in PE than in BE throughout the entire column. We attribute this different behavior in GEOS-Chem to a counterbalancing of enhanced O 3 in PE by the lower water vapor concentrations, temperature and O 3 photolysis rates (see also discussion in section 3.1.3 and Figure 3) . In both models, O 3 production is enhanced in PE because of higher NO x concentrations.
[36] Despite these different behaviors, both models predict a positive DnetP O 3 over the entire column, indicating the strong impact of long-range transport on chemical tendencies. The DnetP O 3 reaches about 2 -3 ppbv/day. A positive DnetP O 3 is more clearly seen in the boundary layer and in the upper troposphere where the DNO x is higher.
[37] As a consequence, the O 3 lifetime (i.e., the ratio of O 3 mass divided by O 3 loss) is affected by long-range transport in different ways in the two models. MOZECH predicts a small decrease of O 3 lifetime in PE (of 6 days on seasonal and regional average), while GEOS-Chem estimates an increase of 10 days on seasonal and regional average (27 days in the BE against 37 days in the PE). The largest increase in O 3 lifetime in GEOS-Chem is found in the middle and upper troposphere (38 days in BE against 62 days in PE), where O 3 has the greatest impact on radiative budget in the troposphere.
Summertime and Other Seasons
[38] Figure 6b shows the impact of long-range transport on O 3 chemical tendencies over the North Atlantic in summer. The impact of pollution export is also seen over the entire column as in spring. Pollution export out off the North American boundary layer in summer is governed by (1) cyclones (although they are less frequent in that season [Stohl, 2001] ), (2) low-level zonal flows occurring between the well established Azores high and transient cyclones [e.g., Guerova et al., 2006] , and (3) deep convection, which occurs predominantly over central and southeastern U.S. and injects air directly at high altitudes (8 km and above) [e.g., Thompson et al., 1994; Horowitz et al., 1998; Li et al., 2002a Li et al., , 2005 .
[39] The large enhancement seen in DCO in the lowest 3 km likely reflects these low-level outflow events while the slight ''bump'' seen in DCO at around 8 km (especially at 60°W, see Figure S3 ) is likely associated with deep convection. The effect of deep convection is more clearly seen in the DNO x profiles (especially in GEOS-Chem) and is consistent with the findings of Choi et al. [2005] who reported evidence for simultaneous enhancements of NO x and CO over the western North Atlantic Ocean associated with convective transport and lightning. Sensitivity tests without lightning performed with GEOS-Chem indicated that the contribution of lightning NO x is more important in PE than BE. This is also true in MOZECH but to a lesser extent, as the global lightning NO x emissions are lower by a factor of two as compared to GEOS-Chem.
[40] The two models predict different patterns in BE and PE, especially in the DNO x vertical profiles, similarly to what was found for the spring season. In addition to the possible reason discussed in section 4.1, differences in the parameterization of lightning sources between the two models could explain some of the differences in NO x between PE and BE in the upper troposphere. Note that the meteorological winds used in GEOS-Chem in the present work may suffer from excessive deep convection over the Caribbean and western North Atlantic [Li et al., 2002b] .
[41] GEOS-Chem predicts an O 3 production efficiency per unit CO (DO 3 /DCO) of about 0.25 ppbv/ppbv at the surface at 60°W, which is comparable to the value of Parrish et al. [1998] at Sable Island in July (0.27) while MOZECH tends to overestimate this value (0.41).
[42] Substantial differences are also found between the water vapor profiles of the two models. As indicated in section 4.1, GEOS-Chem predicts drier air masses in PE (although this effect is limited to the first kilometer) while MOZECH predicts enhanced water vapor in PE. Figure S4 illustrates an event of low-level transport occurring at the periphery of the Azores High. This event is clearly seen in the two models, however the plumes tend to be located in more humid air masses in the case of MOZECH.
[43] Again, these differences in water vapor concentrations largely drive the differences in DnetP O 3 found between the two models. Because of the larger O 3 concentrations and water vapor levels in PE, MOZECH predicts a much higher O 3 loss in PE than in BE. This outweighs the enhanced O 3 production in PE (associated with elevated NO x concentrations), resulting in a negative DnetP O 3 in the middle troposphere. In contrast, the O 3 loss rates in PE and BE are similar in GEOS-Chem (as the increase in O 3 concentrations is balanced by drier and colder air masses in plumes), and the increase in O 3 production associated with the DNO x induces a positive DnetP O 3 over the entire column. The DnetP O 3 is at a maximum in the boundary layer and reaches up to 2 -6 ppbv/day depending on the model.
[44] Finally, Figure 8a shows the netP O 3 for PE and BE for all seasons over the North Atlantic. The DnetP O 3 in fall resembles that in spring and only little additional O 3 formation is seen in winter, as expected.
Chemical Tendencies in the Northwest Pacific Region
[45] DnetP O 3 over the northwest Pacific is shown in Figure 8b . Continental outflow from Asia toward the Pacific Ocean occurs all year round with a maximum in spring Liang et al., 2004] . Similarly to the North Atlantic, midlatitude cyclones [Carmichael et al., 1998; Yienger et al., 2000; Stohl, 2001; Hannan et al., 2003] and convection [Folkins et al., 1997; Newell et al., 1997; Bey et al., 2001b] are the two main mechanisms for export over the Pacific Ocean. The outflow is especially strong in spring as biomass burning pollution from Southeast Asia adds to the anthropogenic pollution and transport is most vigorous. The northwest Pacific exhibits similar patterns for the key species concentrations (see for example NO x concentrations in Figure S5 ) and for the DNetP O 3 (Figure 8 ) as the North Atlantic, except that the DnetP O 3 is in general slightly higher over the Pacific. As before, the two models differ. GEOS-Chem predicts positive DnetP O 3 (up to 4 ppbv/day) over the entire column in both spring and summer, while MOZECH finds large positive DnetP O 3 up to 6 ppbv/day in the boundary layer but a negative value of 1 ppbv/day in the middle troposphere. As discussed above, these differences between the two models are likely related to the relative distributions of water vapor and trace gases in plumes. MOZECH predicts a positive DH 2 O in spring, while GEOS-Chem predicts drier air masses in polluted environments ( Figure S5 ).
Conclusion
[46] In this paper, we quantified the perturbation in O 3 chemical tendencies associated with continental outflow over the North Atlantic and northwest Pacific oceans as seen in two global models, namely GEOS-Chem and MOZECH. The global model results were first evaluated by comparison to observation-based O 3 production and loss rates provided by several box models in various environments. Subsequently, the impact of continental pollution outflow on the chemical production and loss rates of O 3 over oceanic regions was investigated using CO concentration statistics as an indicator of plume locations. The two environments (i.e., polluted and background) were characterized in the two models in terms of tracer concentrations, water vapor content, temperature, and O 3 tendencies over the North Atlantic and the northwest Pacific for different seasons.
[47] Some substantial differences were found between the box model of Reeves et al. [2002] and the global models (especially over the eastern Atlantic Ocean). A sensitivity analysis suggested that these discrepancies mainly result from different reaction rates used in the chemical mechanisms (e.g., reactions O 1 D with H 2 O and O 1 D with N 2 ), which significantly affect the O 3 loss rates, as well as from an overestimate of NO concentrations in the global models, which affect the O 3 production rates. Nevertheless, both models generally reproduce the seasonal and regional variations of the O 3 chemical tendencies rather well. For example, they capture the shift from negative to positive netP O 3 reported in the middle/upper troposphere in most of the cases and GEOS-Chem also reproduces the positive netP O 3 calculated in the entire column over the Pacific Ocean in spring associated with high continental outflow of both anthropogenic and biomass burning. MOZECH generally tends to show stronger O 3 loss rates than GEOSChem, which leads to a decrease of the netP O 3 in the middle troposphere over the northern Pacific in contrast to the photochemical box model results. Additional observation-based O 3 tendencies (and in particular those of the individual chemical pathways) would be useful to better evaluate global O 3 -related chemical tendencies.
[48] The impact of plumes subject to long-range transport on the O 3 chemical tendencies is seen over the entire tropospheric column in both regions and in all seasons. The differences between the polluted and background environments reflect changes in various processes which contribute to O 3 photochemistry. In particular, O 3 production is enhanced when NO x concentrations are higher, and O 3 loss is reduced (enhanced) if water vapor is reduced (enhanced) in the plumes. The two models, however, show significantly different behavior in both the polluted and background environments. GEOS-Chem predicts an enhancement of the netP O 3 in plumes over the entire column, which reaches a maximum of 3-4 ppbv/day in the boundary layer and up to 2 ppbv/day in the upper troposphere. MOZECH predicts in general a larger effect (up to 6 ppbv/day) in the boundary layer. In contrast, in the middle troposphere netP O 3 in MOZECH is reduced in the plume environment.
[49] An analysis of individual episodes indicated that the differences between the two models are related to differences in the water vapor distributions relative to those of the trace gases in the plumes. For example, over the North Atlantic in spring, GEOS-Chem tends to transport the pollution in a drier sector of the cyclones than MOZECH. We suggest that these discrepancies reflect differences between the two models in transport schemes (e.g., boundary layer mixing, convective mixing, advection) and in water vapor transport (online versus offline). Differences between the two models are also caused by the parameterizations of lightning sources and stratospheric fluxes. The differing water vapor and NO x distributions in the two models result in different O 3 lifetimes in background and polluted environments. Further investigation is needed to quantify the chemical tendencies in individual long-range transport events. This could be based for example on observations gathered during Lagrangian aircraft experiments such as those performed in the framework of the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) program.
[50] Results were discussed in detail for the year 1997 but similar results are found for the year 2000 (see Figures S6-S8) . Parrish et al. [2004] suggested that the chemical environment over the North Pacific changed significantly over the last 20 years and is now characterized by a less efficient O 3 destruction. Further studies are needed to quantify the change in netP O 3 due to the changes in anthropogenic emissions and to quantify the impacts of climate change (e.g., changes in water vapor levels and temperature).
[51] Our criterion to determine the spatial and temporal distribution of plumes is based on elevated CO concentrations, which can be indicative of anthropogenic or biomass burning events. It would be interesting to investigate whether the photochemical perturbation caused by plumes associated with biomass pollution differs from those with a more anthropogenic signature. Finally, the work presented here should be extended to also consider the impact of aerosols on the O 3 chemical tendencies in plumes. For example, Price et al. [2004] have shown that long-range transport events can contain elevated levels of both trace gases and aerosols. The latter can destroy trace gases and act on the UV flux, with significant impact on the O 3 photochemistry. In the simulations used in this work, aerosols were only accounted for on a climatological basis; that is, they were not transported along with the trace gases. Note also that, because aerosols are highly soluble, a better understanding of the discrepancies in terms of water vapor content in the plumes between the two models would be crucial to ensure a quantitative simulation of the export and subsequent long-range transport of aerosols.
